 F-MWCNT/PANI nanocomposites was synthesized through the in-situ polymerization method in the presence of the functionized multi-walled carbon nanotubes (F-MWCNT) by though plasma treatment, and its electrochemical properties were evaluated for potential applications in supercapacitors. The results revealed that the F-MWCNT/PANI nanocomposites displays the specific capacitance as high as 546 F/g at 1.0 A/g, which is higher than MWCNT/PANI (451 F/g) and PANI (356 F/g). It also shows the good cycle stability of 76.9% capacitance retention after 1000 times cycle.
INTRODUCTION
Polyaniline (PANI) has attracted considerable interest by virtue of its good environmental stability, low cost and reversible control of electrical properties by both charge-transfer doping and protonation [1] . Unfortunately, as the active electrode material of supercapacitors, PANI has a poor cycling stability derived from the volumetric change in the charge-discharge process [2] . Therefore, in order to tackle this issue and obtain excellent capacitive materials, the multi-walled carbon nanotubes (MWCNT) based nanocomposites has attracted tremendous interest to enhance the electrochemical properties of PANI due to its narrow distribution size, large accessible surface area, good electronic properties, low resistivity and superior stability of MWCNT [3] . However MWCNT was regarded to be very difficult to be uniformly dispersed in PANI matrix, since they have very large surface areas and strong van der Waals forces, which can lead to the formation of strongly bound aggregates [4] . Therefore, well-dispersed MWCNT with good affinity with the polymer were required for pertinent application [5] .
Our preliminary studies revealed that the plasma process increased the dispersal of MWCNT in PANI matrix, and finally obtain uniformly distributed and highly conducting MWCNT/PANI nanocomposites [6] . However, the electrochemical properties of MWCNT/PANI nanocomposites as a supercapacitor electrode material were not studied. Hence, in this paper, F-MWCNT was prepared by plasma modification to overcome the agglomeration and difficult disperse of MWCNT in aqueous solution. Furthermore, the highly electrochemical performances of F-MWCNT/PANI was synthesized by an in situ polymerization. Its electrochemical performance were investigated, and the mechanism of its formation was discussed. The resulting F-MWCNT/PANI nanocomposites show much higher specific capacitance, better cyclic stability, and more promise for applications in supercapacitors than a pure PANI and MWCNT/PANI electrode. Most importantly, our experiments suggest that Plasma technology is a great way to solve MWCNT dispersion in PANI matrix, as well as decrease the environmental pollution and improve the electrochemical performance of MWCNT/PANI nanocomposites.
EXPERIMENTAL

Materials
MWCNT (purity≥99%, diameter: 10-20 nm, length＜2 μm) was purchased from Nanotechport Co. Ltd (Shenzhen, China). Aniline (An, analytical grade) was purchased from Shanghai Chemical Reagent Co. Ltd. and was distilled under vacuum prior to use. Other chemicals such as ammonium persulfate (APS), hydrochloric acid (HCl), acetone, and ethanol were all analytical grade and used without further purification. They were purchased from Sinopharm Chemical Reagent Co. Ltd.
Preparation of Materials
Preparation of F-MWCNT. F-MWCNT was prepared using a methodology reported in our previous research [6] . In a typical experiment, 0.5 g MWCNT put into the Plasma Enhanced Chemical Vapor Deposition (PECVD). Initially, the system was purged with Ar and then evacuated to 8×10 -4 Pa. The plasma conditions were controlled at 13.3 Pa of gas pressure (20 mL/min of gas flow rate), and 50 W of RF power for 5 min. Then pure oxygen gas was introduced to produce oxygen radicals on the surface of MWCNT, and corresponding products was F-MWCNT.
Preparation of F-MWCNT/PANI nanocomposites. In a typical experiment, 0.5 g above-obtained F-MWCNT and 100 mL 1 M HCl solutions were added into a three-necked round bottomed flask and sonicated for 30 min at room temperature. 0.71 mL An was then added to the well-dispersed suspension of F-MWCNT solution and stirred for 30 min. After that, the mixture was cooled to 0~5°C in ice/water bath, APS solution (by dissolving 2.28 g of APS in 100 mL 1 M HCl solution) was dropwise added sequently under the condition of stirring. The polymerization process was carried out at 0~5°C for 6 h. Finally, the product is collected by filtering and washing with distilled water, ethanol and acetone for several times until the filtrate solution became colorless, and dried in a vacuum oven at 60°C for 10 h. For comparison, pure PANI and MWCNT/PANI composite were synthesized through a similar procedure.
Characterization
The morphologies of the samples were observed using a FEI Quanta 200 FEG scanning electron microscope (Holland). Fourier transform infrared spectra (FT-IR) were recorded from KBr sample pellets using a Nicolet NEXUS870 FTIR spectrometer (USA).
Preparation and Characterization of Samples Electrodes
All electrochemical experiments were performed on a CHI660E electrochemical working station (Shanghai Chenhua Instrument Company, China) in a three-electrode setup: a platinum foil and a saturated calomel electrode used as the counter and reference electrodes respectively, a stainless steel cloth (Mesh sizes 500) (1×1 cm 2 area) coated by the mixture served as working electrode, which prepared by mixing the target product powders, acetylene black and polytetrafluoroethylene binder (90:5:5 wt.%). Before the electrochemical test, the prepared electrode was soaked in a 1.0 M H 2 SO 4 solution overnight.
RESULTS AND DISCUSSION
SEM analysis. Fig. 1 presents SEM images of the samples. The MWCNT (Fig.  1a) and F-MWCNT (Fig. 1b ) are smooth and with the diameters of 20~40 nm. Clearly, pure PANI (Fig. 1c) shows an agglomerate with no uniformity. Comparing  Fig. 1a, b and c, the morphology of MWCNT/PANI (Fig. 1d) has a salient change takes place on the external surface of MWCNT, which is due to the freshly deposited PANI on its surface. It is mainly composed of no uniformity of fibers. The PANI layer becomes rougher. The morphology of F-MWCNT/PANI nanocomposites (Fig. 1e) composed of uniform fibers (diameter of about 90 nm), indicating that PANI is glossily coated onto the surface of F-MWCNT. FTIR analysis. The FTIR spectra of the samples are given in Fig. 2 . For MWCNT (Fig. 2a) , the absorption peak at 1580 cm -1 derived from MWCNT walls Elu vibrational modes, 1050 cm -1 and 3457 cm -1 assigned to the characteristic peak of -OH group, which may be the production process of MWCNT causes a small amount of hydroxyl. It is clearly that the peaks at 1050 cm -1 in the spectra of F-MWCNT (Fig. 2b) is increased, indicating an increase in the content of -OH group.
Moreover, 1720 cm -1 appears at the -C=O bond stretching vibration. These results suggest that F-MWCNT surface-enriched plasma containing activated oxygen radicals has been formed.
The spectrum of pure PANI (Fig. 2c) shows usual characteristic stretching vibration bands at 3430 cm −1 (N-H, aromatic amines), 1580 cm −1 (C=C, quinoid rings), 1480 cm −1 (C=C, benzenoid rings), 1300 cm −1 (C-N), 1130 cm −1 (C-H in plane), and 795 cm −1 (C-H out of plane), respectively. The FTIR spectrum of the MWCNT/PANI (Fig. 2d) and F-MWCNT/PANI nanocomposites (Fig. 2e) are similar to pure PANI. However, the intensity of the absorption bands at 1570 and 1485 cm −1 changes significantly. This is mainly due to the π−π* interaction between PANI and MWCNT. These results confirmed that the surface of the MWCNT and F-MWCNT are wrapped completely with PANI. Electrochemical Properties. In order to evaluate the electrochemical characteristics of this kind of nanocomposites material, the as-prepared F-MWCNT/PANI nanocomposites along with pure PANI and MWCNT/PANI were investigated by cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) in 1 M H 2 SO 4 electrolyte within the potential window -0.1 to 0.7 V vs. SCE at room temperature. CV analysis. Fig. 3A depicts the CV measured for the sample electrodes are recorded at 1 mV/s of scan rate. All CV curves exhibited two typical pairs of redox peaks, which come from the redox transition of PANI from leucoemeraldine to the polaronic emeraldine form (C1/A1) and from emeraldine to pernigraniline (C2/A2). Clearly, the F-MWCNT/PANI nanocomposites show the biggest area of CV, displaying a significant improvement of specific capacitance. This may be due to these possible reasons: (i) the presence of a highly accessible surface area of the well-dispersed F-MWCNT; (ii) the uniform coating of PANI over F-MWCNT surfaces; (iii) in the early stage of oxidative polymerization techniques, there is a strong interaction between the π-bonded F-MWCNT surface with the conjugated structure of the PANI, which helps the deposition of polymer chains over the F-MWCNT surface. 
GCD analysis.
The GCD curves of the sample electrodes at a constant current density of 1.0 A/g is depicted in Fig. 3B . All curves are not straight lines indicating the occurrence of a faradaic reaction among the electrode materials.
The specific capacitance value of the all electrode materials is calculated from GCD curves according to the equation:
(1) where C s , I, ∆t, m and ∆V are the specific capacitance (F/g), discharging current (A), discharging time (s), mass of active materials (g) and discharging potential range (V), respectively.
On the basis of the above equation, F-MWCNT/PANI nanocomposites itself has the highest specific capacitance (546 F/g), PANI and MWCNT/PANI are 356 F/g and 451 F/g, respectively. This is because the majority of PANI exists at the nanometer-size (nanolayers) and forms charge transfer of the F-MWCNT/PANI nanocomposites with F-MWCNT, which is critical for the enhancement of the specific capacitance. The highly accessible surface area, low resistivity and welldispersed of the F-MWCNT will improve the contact between PANI matrixes and increases the active sites for faradic reactions.
Cycling ability test. The cycle charge/discharge test at current density of 1 A/g is employed to examine the stability of the F-MWCNT/PANI nanocomposites electrodes, as displayed in Fig. 3C . It is observed that the MWCNT/PANI and F-MWCNT/PANI nanocomposites exhibited 56.8% and 76.9% specific capacitance retentions of their original capacitance after 1000 galvanostatic cycles, while only 27.8% for pure PANI. Apparently, the F-MWCNT/PANI nanocomposites has more stable cycling performance, which is mainly due to three points: (I) highly porous core-shell structure from both PANI network layers and F-MWCNT/PANI networks providing good volume expansion accommodation of PANI skeleton during cycling, (II) an intimate connection between F-MWCNT and PANI resulting in mechanical stability of the nanocomposites, (III) the plasma technology improve the dispersivity of F-MWCNT in the An solution.
Possible Synthesis Mechanism of the F-MWCNT/PANI nanocomposites. Based on above-obtained results, it's clear that the supercapacitor electrode material prepared by F-MWCNT/PANI nanocomposites has better comprehensive electrochemical characteristics. Both of its special core-shell nanostructure and F-MWCNT good dispersity in PANI matrix should be responsible for this improvement. The synthesis mechanism of F-MWCNT/PANI nanocomposites is depicted schematically in Fig. 4 . The surface of F-MWCNT with plasma treatment contains a large amount of oxygen free radicals, can be evenly dispersed in HCl aqueous solution, reduces the reunion due to factors such as van der Waals force. After addition of An into the F-MWCNT solution, because of the π−π* electron interaction, An cationic adsorption on the surface of F-MWCNT. Upon the addition of APS into the system, An cationic can form lots of free radicals driven by electromotive force, and the nucleation of PANI initially occurs at F-MWCNT surfaces. As the reaction continues, PANI grows along the F-MWCNT axial direction, resulting in a stable and ordered core-shell nanostructure of F-MWCNT/PANI nanocomposites, which facilitates the effective penetration of the electrolyte and ensures high utilization of the conducting polymer in the charge storage process. Both of these interactions lead to the electrochemical enhancement of supercapacitor electrode prepared by F-MWCNT/PANI nanocomposites. 
SUMMARY
In conclusion, the F-MWCNT/PANI nanocomposites were synthesized successfully by in situ chemical polymerization of aniline containing welldissolved F-MWCNT with plasma pre-treatment. The F-MWCNT/PANI nanocomposites exhibited the high specific capacitance of 546 F/g at 1.0 A/g current density and retained their 76.9% specific capacitance over 1000 chargedischarge cycles. This study can provide a new approach to controlling the nanostructure and electrochemical properties of PANI/MWCNT composites. Depending on superior electrochemical performance, the F-MWCNT/PANI nanocomposites can be used as the electrode materials for supercapacitors.
